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ABSTRACT 
Additive manufacturing, also known as 3-dimensional (3-d) printing, is now a rapidly 
growing manufacturing technique. Innovative and complex designs in various aspects of 
engineering have called for more efficient manufacturing techniques and 3-d printing has 
been a perfect choice in that direction. This research investigates the use of additive 
manufacturing in fabricating polymer heat exchangers and estimate their effectiveness as 
a heat transfer device. Fused Deposition Modeling (FDM), Selective Laser Sintering (SLS) 
and Stereolithography (SLA) are the three 3-d printing techniques that are explored for 
their feasibility in manufacturing heat exchangers. The research also explores a triply 
periodic minimal structure–the gyroid, as a heat exchanger design. The performance of the 
gyroid heat exchanger was studied using experiments. The main parameters considered for 
the experiments were heat transfer rate, effectiveness and pressure drop. From the results 
obtained it can be inferred that using polymers in heat exchangers helps reducing corrosion 
and fouling problems, but it affects the effectiveness of the heat exchangers. For our design, 
the maximum effectiveness achieved was 0.1. The pressure drop for the heat exchanger 
was observed to decrease with increase in flow rate and the maximum pressure drop 
measured was 0.88 psi for a flow rate of 5 LPM.   
 
 
 
 
 
ii 
 
ACKNOWLEDGMENTS 
I would like to thank my thesis chair Prof. Patrick Phelan for giving me an opportunity to 
work under his supervision and carry out this research. I thank Benjamin Obeng for helping 
me with 3-d printing related things. I thank Derek, without whom the experiments would 
not have been possible. I also thank Hooman and all other members of the research group 
for their support and help during the thesis. I am also grateful to all my friends and family 
who supported me for this thesis.   
 
 
 
 
 
   
 
 
.  
 
 
 
 
iii 
 
TABLE OF CONTENTS 
Page 
LIST OF TABLES………………………………………………………………………...v 
LIST OF FIGURES………………………………………………………………………vi  
CHAPTER 
1 INTRODUCTION……………………………………………………………………..1 
 1.1 Review on polymers and polymer heat exchanger……………………………..1 
 1.2 Additive Manufacturing………………………………………………………...5 
 1.3 Minimal surfaces and gyroid structure………………………………………….7 
 1.4 Objectives and Motivation…...…………………………………………………9 
 1.5 Summary………………………………………………………………………10 
2 HEAT EXCHANGER DESIGNS…………………………………………………...11 
3  EXPERIMENTAL SETUP AND METHODOLOGY……….……………………...17 
 3.1 Experimental Setup…………………………………………………………...17 
 3.2 Procedure for Analysis…………..……………………………………………19 
 3.3 Uncertainty Analysis…………………………..……………………………...21 
4 RESULTS AND DISCUSSION……………………………………………………..23 
 4.1 Experimental Data………………………………………………….………….23 
 4.2 Pressure Drop and Friction Factor……………………………………………..26 
 4.3 NTU and Overall Heat Transfer Coefficient…………………………….…….29 
 4.4 Performance Comparison……………………………………………………...30 
5 CONCLUSION……………………………………………………………………....32 
iv 
 
6 FUTURE SCOPE…………………………………………………………………….33 
 6.1 Better materials…………………..…………………………………………….33 
 6.2 Better 3-d printing techniques….………………………………………………33 
 6.3 Unconventional designs………………………………………………………..34 
REFERENCES……………………………………………………………………….….35 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v 
 
LIST OF TABLES 
Table Page 
1 Thermal conductivity of common polymers at room temperature……………3 
2 Thermal conductivity of common filler materials…………………………….4 
3 Summary of FDM, SLS and SLA…………………………………………...10 
4 Summary of heat exchanger designs………………………………………...15 
5 Uncertainty in experimental parameters.……………………………………22 
6 Average temperature and pressure drop data………………………………..24 
7 Temperature difference for hot and cold water……………………………...24 
8 Heat transfer rates and effectiveness………………………………………...25 
9 Reynolds number, friction factor and pressure drop comparison…………...27 
10 NTU and overall heat transfer coefficient…………………………………...29 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vi 
 
LIST OF FIGURES 
Figure Page 
1 Family tree of heat exchangers……………………………………………….2 
2 Fused deposition modelling (FDM) 3-d printing……………………………..6 
3 Stereolithography (SLA) 3-d printing………………………………………...7 
4 Selective laser sintering (SLS) 3-d printing…………………………………..7 
5 Schwarz P structure…………………………………………………………...8 
6 Schwarz D structure…………………………………………………………..8 
7 Gyroid structure………………………………………………………………9 
8 In-line tubes heat exchanger design………………………………………...11 
9 Sinusoidal tubes heat exchanger…………………………………………….12 
10 Sectional view -sinusoidal tubes heat exchanger……………………………13 
11 Gyroid heat exchanger………………………………………………………14 
12 Internal visualization of gyroid heat exchanger……………………………..15 
13 Surface area to volume ratio for varying volume fraction (of the solid)….…16 
14 Schematic of experimental setup…………………………………………….17 
15 Pressure transducer connection with DC power source and multimeter…….18  
16 Heat exchanger setup………………………………………………………..19 
17 Temperature plot for test 3…………………………………………………..23 
18 Pressure drop comparison……………….……………..……………………28 
19 Friction factor comparison…………………………………………………..29 
20 NTU variation with the flow rate……………………………………………31 
vii 
 
21 NTU-Effectiveness comparison between the gyroid and in-line tubes heat 
exchanger……………………………………………………………………31 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
viii 
 
NOMENCLATURE 
V̇ Flow Rate (LPM) 
Thi Hot Inlet Temperature (°C) 
Tho Hot Outlet Temperature (°C) 
Tci Hot Inlet Temperature (°C) 
Tco Hot Outlet Temperature (°C) 
ρ Water density (kg m-3) 
As Surface Area (m
2) 
U Overall Heat Transfer Surface Area (W m-2 K-1) 
ΔP Pressure drop (psi) 
ΔTlm Log Mean Temperature Difference (°C) 
ε Effectiveness 
NTU Number of Transfer Units 
D Hydraulic Diameter 
Re Reynolds Number 
fth Estimated Friction Factor 
fexp Experimental Friction Factor 
Cp Specific Heat of Water (J kg
-1 K-1) 
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Chapter 1 
INTRODUCTION 
This chapter begins with an overview of relevant polymers and polymer heat exchangers. 
It discusses the issues with conventional metallic heat exchangers and how those led to the 
introduction of polymer heat exchangers. The second section of this chapter explains 
additive manufacturing and how it can be used to overcome some constraints with 
conventional manufacturing techniques. The chapter ends with a brief explanation of one 
of the triply periodic minimal surfaces (TPMS)–the Gyroid.    
1.1 Review on Polymers and Polymer Heat Exchangers  
For a long time now, metals have been used to construct heat exchangers. High thermal 
conductivity makes them the go-to material. But, using metals has its own set of issues. 
Corrosion and fouling are major issues in maintaining heat exchangers. In case of some 
corrosive or reactive fluids, special metals must be used, or cheaper metals must be treated 
with some expensive treatments to make them suitable for such situations [1]. These 
complications with metal heat exchangers have led to the use of polymers to manufacture 
heat exchangers. The use of polymer heat exchangers in the industry is not yet widespread, 
primarily due to the lack of reliable designs and investigations under actual operating 
conditions. For a long time now, however, studies have been conducted for developing 
polymer heat exchangers. In 2004, Zaheed and Jachuck compared PVDF (Polyvinylidene 
fluoride or polyvinylidene difluoride, 0.17 Wm-1K-1) and Ni-Cr-Mo (8 Wm-1K-1) alloy 
tubular heat exchangers. It was found that the PVDF heat exchanger costs 2.5 times less, 
despite being 6 times larger than the Ni-Cr-Mo heat exchanger [1]. In 1995, Morcos and 
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Shafey presented a study on a PVC (Polyvinyl Chloride) shell-and-tube heat exchanger 
(liquid-to-liquid). With tubes of 5mm wall thickness, the maximum overall heat transfer 
coefficient was obtained as 90 Wm-2K-1 [15]. In 1989, Bigg et al. studied the lifetime of 
polymer tubes and polymer coatings for condensing heat exchanger applications. The tubes 
were exposed to a flue gas channel of a gas-fired boiler for 100 days. It was observed that 
the polymer tubes showed no degradation, but the polymer coatings failed due to cracking 
[16].  
 
Figure 1: Family tree of heat exchangers. Shaded cells denote heat exchangers using 
polymers [9] 
Figure 1 presents a family tree of heat exchangers which was created by Cevallos J. et al. 
following the work of Hewitt, Shires and Botts. Most of the polymer heat exchangers used 
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today are within the transmural heat exchanger category, in which the heat flows across a 
polymer wall [17,18].       
Having discussed polymer heat exchangers, let us move on to the common polymers. 
Polymers are known to have excellent processability, good corrosion and fouling resistance 
which makes them good alternative materials for constructing heat exchangers. They can 
be used with a variety of liquids and gases without many complications. Moreover, 
polymers have much lower density compared to metals. This offers a significant weight 
reduction of the heat exchanger. With all these advantages, even polymers have their 
limitations. Polymers have very low thermal conductivity. Table 1 compares the density, 
thermal conductivity and cost for various polymers and some common metals. The costs 
mentioned in the table are 3-d printing polymer filament cost and the cost for metals is for 
a block of 1 kg. From table 1, we can see that most polymers have a thermal conductivity 
in the range of 0.1 - 0.5 W m-1 K-1, which is almost 200 times less than that of some metals 
like steel which has a thermal conductivity of 50 W m-1 K-1 [2].   
Table 1: Thermal conductivity of common polymers at room temperature [2] 
Polymer Thermal conductivity 
(W m-1K-1) 
Density (kg m-3)  Cost ($ kg-1)  
Low density polyethylene 
(LDPE) 
0.33 917-930 6-18 
High density polyethylene 
(HPDE) 
0.45-0.52 930-970 10-25 
Polypropylene (PP) 0.14 946 2-5 
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Polytetrafluorethylene 
(PTFE) 
0.25 2200 6-10 
Polyvinyl chloride (PVC) 0.12-0.17 1300-1400 6-10 
Polyetheretherketone 
(PEEK) 
0.25 1320 300-500 
Polycarbonate (PC) 0.19 1200 30-50 
Nylon  0.15-0.3 1150 30-60 
Copper 380-390 8960 6 
Aluminum 205 2700 2 
Iron 80 7900 2 
 
One method of improving the thermal conductivity of these polymers is to use filler 
materials [2]. It has been observed that the thermal conductivity of epoxy (0.15-0.25 W m-
1 K-1) increases up to 4.3 W m-1 K-1 with 60 vol% of Al2O3 [8]. Filler materials have high 
thermal conductivity and can be used in particle, fiber or nanoparticle form to reinforce the 
polymers. Table 2 shows some common filler materials and their thermal conductivity. 
Table 2: Thermal conductivity of common filler materials [2] 
Material Thermal conductivity (Wm-1 K-1) 
Al2O3 38-42 
BeO 300 
ZnO 60 
Si4N3 86-120 
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BN 29-300 
AlN 150-220 
SiC 85 
Diamond 2000 
 
Polymers, due to their unique properties, have the potential of becoming essential materials 
in manufacturing heat exchangers in various industries. Some potential applications of 
polymer heat exchangers include desalination, heat recovery systems, food processing, 
ventilation and refrigeration, automobiles, electronics and offshore power plants [2]. 
1.2 Additive Manufacturing 
Additive manufacturing is a process of building a 3-dimensional (3-d) object layer by layer. 
Additive manufacturing provides flexibility to experiment with different complex designs 
which are otherwise difficult to manufacture with any other traditional methods. It helps 
us efficiently use the resources with reduced material waste compared to traditional 
methods [3].  
For this thesis, fused deposition modeling (FDM) has been used to manufacture the heat 
exchangers. FDM uses the material extrusion method of additive manufacturing [12]. 
Compared to other 3-d printing options, FDM is cheaper and is one of the most commonly 
used methods. Figure 2 presents a general schematic of the FDM printer. In this method, 
the design is made using a designing software like Solidworks, then the design is converted 
to stereolithography (.stl) format and imported into the printer’s software. This software 
then slices the design into layers based on the resolution of the printer. The printer then 
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creates the 3-d object by extruding a heated thermoplastic layer by layer on a bed. FDM, 
compared to other 3-d printing methods, is a very slow process. 
 
 
Figure 2: Fused deposition modelling (FDM) 3-d printing [11].   
Selective layer sintering (SLS) and Stereolithography (SLA) are two other common types 
of 3-d printing techniques [19,20]. SLS uses a high-powered laser to fuse particles of the 
powdered plastic, metal or ceramic material. Once a layer is fused, the bed moves and then 
the next layer is sintered. This is continued until you have a complete 3-d object. In SLA, 
ultraviolet light of pre-programmed layer shape is focused on a vat of photopolymer resin. 
This is repeated until all the layers have been generated. Both-SLA and SLS have much 
higher resolution and better surface finish than FDM. But, FDM is a cheaper process than 
SLS and SLA. Figures 3 and 4 present the SLA and SLS 3-d printing processes, 
respectively.  
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Figure 3: Stereolithography (SLA) 3-d printing [13] 
 
Figure 4: Selective laser sintering (SLS) 3-d printing [14]     
1.3 Minimal Surfaces and Gyroid Structure 
A minimal surface can be defined as a surface that minimizes the surface area subject to 
some constraints. In 1865, H.A. Schwarz first published examples of infinite periodic 
minimal surfaces and named some of them as primitive (Schwarz P), diamond (Schwarz 
D), hexagonal (Schwarz H) and crossed layers of parallel (Schwarz CLP) structures [5].      
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Figure 5: Schwarz P structure 
 
Figure 6: Schwarz D structure 
The Schwarz P structure is shown in figure 5. In the 1960s, A. Schoen discovered another 
infinitely periodic minimal surface (IMPS) which is associated with the primitive and 
diamond surfaces and named it the ‘Gyroid’. The gyroid is supposed to be the only known 
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intersection-free IMPS, which contains neither straight lines nor plane lines of curvature. 
Trigonometrically, a gyroid can be approximated as [5]:  
sin 𝑥 cos 𝑦 + sin 𝑦 cos 𝑧 + sin 𝑧 cos 𝑥 = 0                                 (1)    
Figure 6 shows the gyroid structure generated using the software MathMod. The gyroid 
can be modified to get two separate flow channels which are shown as the yellow and the 
green regions. MathMod generates a 3d-object (.obj) file which is then imported to 
Autodesk Fusion 360 to generate the structure shown in figure 7. This structure was then 
used to design the gyroid heat exchanger.                  
 
Figure 7: Gyroid structure 
1.4 Objectives and Motivation 
For a long time now, additive manufacturing is being mainly used to build prototypes for 
experimental purposes. Research is now being done to make it more efficient to be used 
for manufacturing the final products and not keep it limited to prototypes. Additive 
manufacturing gives us a chance to be flexible and innovative with our designs. These wide 
potentials of additive manufacturing motivated this research into 3-d printed compact 
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polymer heat exchangers. The main objective of this thesis is to design and experimentally 
evaluate compact polymer heat exchangers. Initially, three designs were considered for the 
study out of which only one, the gyroid heat exchanger, qualified for experimental 
evaluation. For experimental study, the objective was to evaluate the effectiveness of the 
gyroid heat exchanger and to measure the pressure drops.        
1.5 Summary 
This chapter presents a brief explanation of polymers and polymer heat exchangers and 
related work done in the past. It further discusses three widely used additive 
manufacturing techniques- FDM, SLA and SLS. Table 3 summarizes these three 
techniques. Lastly, the chapter discusses the TPMS structures in brief.   
Table 3: Summary of FDM, SLS and SLA 
FDM SLS SLA 
Uses material filament 
which is fused together 
layer by layer using heat 
Uses material powder 
which is cured using a 
laser 
Uses material resin which 
is cured using UV light. 
Requires supports for 
complex overhanging parts 
The powder itself acts as a 
support  
Requires supports for 
complex overhanging parts 
Supports are easy to 
remove 
Support powder difficult to 
remove 
Supports are easy to 
remove 
Poor resolution. Smallest 
possible layer height is 
0.1mm 
Better resolution than 
FDM. Smallest possible 
layer height is 0.06mm 
Best resolution among the 
three. Smallest possible 
layer height is 0.05mm 
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Chapter 2 
HEAT EXCHANGER DESIGNS 
This chapter presents the designs which were studied for this thesis. The issues with some 
of these designs are discussed and the final design selected for experimental analysis is 
described.  
 
Figure 8: In-line tubes heat exchanger design 
Figure 8 shows the design for the core of the first heat exchanger. This is a basic in-line 
tube bank arrangement similar to a shell-and-tube heat exchanger. The fluid inlet and outlet 
manifolds to this heat exchanger were 3-d printed separately and then glued together to the 
core of the heat exchanger to make a complete heat exchanger. The tubes carry hot water 
and the cold water flows across the tubes in the gaps between the rows of the tubes. The 
heat exchanger has 35 tubes with an outer diameter of 8mm and an inner diameter of 12mm. 
This design was initially made with an inner diameter of 4mm and an outer diameter of 
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6mm with 100 tubes. But, the 3-d printing of smaller tubes failed, and the design was 
altered to larger tubes with thicker walls. This was one of the two designs selected for the 
experimental analysis to compare its performance with a metallic shell-and-tube type heat 
exchanger. While initially testing this heat exchanger for the experiment, internal leaking 
between the hot and cold water was observed. The reason for this could be the poor 
resolution of the FDM printing, which might have resulted in minute gaps between the 
layers causing the water to leak through. Considering this, the design was discarded for 
additional experiments.  
The next design is shown in figure 9 and figure 10. This design has sinusoidal tubes instead 
of the straight tubes as seen in the previous design. There are 30 tubes in this heat 
exchanger, stacked up in 10 rows of 3 tubes each. The tubes have an inner diameter of 6mm 
and an outer diameter of 8mm. The feasibility of this design was tested using a slicing 
software–SLIC3R. The results from the slicing showed the heat exchanger requires 
supports to 3-d print which would have been difficult to remove. Considering this 
complication, this design was not fabricated for further experiments.  
 
Figure 9: Sinusoidal tubes heat exchanger 
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Figure 10: Sectional view -sinusoidal tubes heat exchanger 
The next design is the gyroid heat exchanger. The gyroid as explained in the previous 
chapter, is a triply periodic minimal structure, with two distinct flow channels. This is an 
unconventional design and thus was selected for additional experiments. To use the gyroid 
structure as a heat exchanger, all six sides of the block had to be closed. Initially, the sides 
were planned to be closed using a thin transparent acrylic sheet, but it was observed that 
the poor surface finish of the gyroid caused improper connection with the acrylic sheets, 
which led to mixing of fluids between the adjacent channels. This issue was resolved by 3-
d printing the gyroid along with an enclosed box with defined inlets and outlets as shown 
in figure 11.  
This design was fabricated using SLS printer–EOS. The only material available for this 
printer was nylon and that was used as the material for the heat exchanger. As mentioned 
before, in SLS printing, the object prints within the powder, which makes the powder act 
like support for the print. 
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Figure 11: Gyroid heat exchanger 
After the print, we can remove the powder from the object using pressurized air and/or 
water as required. Considering the complex design of the gyroid structure, it was difficult 
to remove all the nylon powder from inside the heat exchanger. One method used was 
applying ultrasound to the heat exchanger after filling it with water. The vibrations from 
the ultrasonic transducer helped in breaking down the clogged powder, which was then 
removed by pumping water through the heat exchanger. This process was repeated twice 
which resulted in almost complete removal of the powder and made the heat exchanger 
feasible for the experiments.   
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Figure 12: Internal visualization of the gyroid heat exchanger 
Figure 12 shows the gyroid structure inside the outer box. The black region in the image is 
the gyroid structure and the white holes in the structure are the fluid channels for one fluid. 
The channels for other fluid can be seen by rotating the structure by 180°.  
Table 4: Summary of heat exchanger designs 
Design Outer 
volume,
V (cm3) 
Surface 
Area, As 
(mm2)  
As/V Design issues Selection for 
experimentation 
Straight 
tubes heat 
exchanger  
384 9x10-8 2.3x10-7 Internal mixing of fluids due 
to poor surface finish  
No 
Curved 
tubes heat 
exchanger 
800 7x10-8 8.8x10-8 Difficult to remove supports 
after 3-d printing 
No 
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Gyroid 
heat 
exchanger 
614 8x10-8 1.3x10-7 Excess powder clogged 
inside the final 3-d print 
Yes 
 
Figure 13 shows that the surface area to volume ratio comparison between the gyroid and 
the shell-and-tube heat exchanger. The shell-and-tube has a bit higher surface area to 
volume compared to the gyroid. But we can improve the surface of the gyroid by changing 
the volume fraction (as shown in the graph), number of cells (8 cells were considered for 
the gyroid in this thesis) and so on. This is an important factor for improving the 
effectiveness of the gyroid heat exchanger. The summary of all the designs is tabulated in 
table 4. It compares the surface areas for each design. It is observed from the table that the 
straight tubes heat exchanger gives us the maximum surface area to volume ratio followed 
by the gyroid heat exchanger. Due to the internal mixing issue in the straight tubes heat 
exchanger, only the gyroid heat exchanger was selected for further experiments. 
 
Figure 13: Surface area to volume ratio for varying volume fraction (of the solid) 
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Chapter 3 
EXPERIMENTAL SETUP AND METHODOLOGY  
3.1 Experimental Setup 
The experimental setup is described in the schematic shown in figure 14. The setup is 
designed to collect the inlet and outlet temperatures and the pressure drops for the hot and 
cold water sides.  
 
 
Figure 14: Schematic of the experimental setup 
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The temperatures are measured using calibrated Omega K-type thermocouple. These 
thermocouples can read temperatures up to 200°C. The thermocouples are connected to an 
Omega Data Acquisition board (OM-DAQ-USB-2400 series) to record the required 
temperatures. The pressure drop in the heat exchanger is determined using Setra pressure 
transducers model 209 which connected to the inlet and outlet of both the hot and cold 
water channels.  
 
Figure 15: Pressure transducer connection with DC power source and multimeter 
These transducers have a range of 0-10 psig with an excitation voltage of 24 VDC and give 
an output of 4-20 mA and are calibrated using compressed air of known pressure and noting 
the respective current output. As shown in figure 15, the transducers are connected to a 
multimeter and a DC power source to obtain the current readings which are then converted 
to the pressure reading using a linear relationship between the current and the pressure. The 
heat exchanger is fitted with PVC connectors to incorporate the inlet/outlet tubing, 
thermocouples and the pressure transducers. The thermocouple wire is attached to the 
connector using hot glue to prevent any leakages. Figure 16 shows the heat exchanger with 
DC Power 
source 
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the attached pressure transducers and the thermocouples. The heat exchanger is insulated 
using 2mm thick rubber insulation to minimize heat loss to the surroundings. 
 
Figure 16: Heat exchanger setup 
For the first trial of the experiment, the cold water temperature was kept constant at 5 LPM 
and the hot water flow was varied between 2.6 and 5 LPM (4.33x10-5 to 8.33x10-5 m3/s ).  
ECO PLUS 528 submersible pumps are used for pumping the hot and the cold water. The 
hot water flow rate is controlled using a ball valve and the cold water flow rate is controlled 
using a needle valve. For cold water, standard tap water is used along with ice to achieve 
low temperatures up to 2°C. For hot water, an immersion heater is used. The reservoir 
temperatures are measured using a thermometer and then verified using the thermocouples. 
3.2 Procedure for analysis 
Pressure transducer 
Thermocouple 
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The rate of heat transfer for the hot and cold fluid can be calculated using the temperatures 
recorded during the experiments mentioned in chapter 5. This rate of heat transfer is 
calculated by the relation [7]: 
?̇? = 𝑉?̇? 𝜌  𝐶𝑝 (𝑇𝑐𝑜 − 𝑇𝑐𝑖) = 𝑉ℎ̇ 𝜌 𝐶𝑝 (𝑇ℎ𝑜 − 𝑇ℎ𝑖)                             (2) 
 where V̇c and V̇h are cold and hot water flow rates respectively, Cp is the specif heat of 
water. Generally, the temperature difference between the hot and cold fluids varies along 
the heat exchanger[7]. In such cases, we calculate the rate of heat transfer by [7]: 
?̇? = 𝑈𝐴𝑠  𝛥𝑇𝑙𝑚                                                              (3) 
where U is the overall heat transfer coefficient, As  the heat transfer surface area and 𝛥𝑇𝑙𝑚  
the Log Mean Temperature Difference (LMTD) which is defined as [7]: 
𝛥𝑇𝑙𝑚 =  
𝛥𝑇1 − 𝛥𝑇2
ln (
𝛥𝑇1
𝛥𝑇2
)
                                                       (4) 
where ΔT1 and ΔT2 are temperature differences and for our counterflow heat exchanger are 
given as [7]: 
𝛥𝑇1 = 𝑇ℎ𝑖 − 𝑇𝑐𝑜                                                             (5) 
𝛥𝑇2 = 𝑇ℎ𝑜 − 𝑇𝑐𝑖                                                             (6) 
Equation 3 has been used under the assumption that the wall temperatures in the heat 
exchanger remain at constant temperature considering the nature of the heat exchanger and 
small temperature differences measured at the inlet and outlet of the fluids. Another 
important method of characterizing a heat exchanger is the Number of Transfer Units 
(NTU) method. NTU is a non-dimensional value, given as [7]: 
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𝑁𝑇𝑈 =
𝑈𝐴𝑠
(?̇?𝐶𝑝)𝑚𝑖𝑛𝑖𝑚𝑢𝑚
                                                        (7) 
Using the temperature data recorded during the experiments, we also determine the 
effectiveness of the heat exchanger, which is given as [7]: 
 𝜖 =  
?̇?𝑎𝑐𝑡𝑢𝑎𝑙
?̇?𝑚𝑎𝑥𝑖𝑚𝑢𝑚
                                                            (8) 
where Q̇actual is given by equation (2) and  
𝑄𝑚𝑎𝑥̇ = (𝜌 ?̇? 𝐶𝑝)𝑚𝑖𝑛
(𝑇ℎ𝑖 − 𝑇𝑐𝑖)                                                (9) 
Based on the type of heat exchanger, the effectiveness can also be written as a function of 
NTU  and the capacity ratio c which is defined as [7]: 
𝑐 =
(?̇?𝐶𝑝)𝑚𝑖𝑛𝑖𝑚𝑢𝑚
(?̇?𝐶𝑝)𝑚𝑎𝑥𝑖𝑚𝑢𝑚
                                                   (10) 
 
3.3 Uncertainty analysis 
All the devices used to record important parameters have some errors and uncertainties in 
their readings. Using the uncertainty analysis given by R. J. Moffat, we can calculate the 
uncertainties in our experiment [11]. 
The main objective of this experiment is to calculate the rate of heat transfer which is 
calculated using equation 2. 
For these equations, the uncertainty can be given as [11]: 
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𝛿?̇?
?̇?
= {(
𝛿?̇?
?̇?
)
2
+ (
𝛿𝑇
𝑇𝑐𝑖
)
2
+ (
𝛿𝑇
𝑇𝑐𝑜
)
2
}
1
2
                                            (11) 
where 𝛿𝑇 and 𝛿?̇? are the uncertainties in temperature and volumetric flow rate 
measurements of either the cold or hot water. The cold side temperatures are low and 
susceptible to larger relative error. So, for this case, the experimental uncertainty is 
calculated using the cold water temperature and flow rate values.  
Table 5: Uncertainty in experimental parameters 
Parameter Instrument Uncertainty 
Flow rate, V̇ – ± 0.2 LPM 
Temperature, T 
(thermocouple) 
Omega K Type 
thermocouple 
± 1.4 ° C 
Pressure difference, ΔP 
(pressure transducer) 
Setra pressure 
transducer– model 209 
± 0.03 psi 
Heat transfer rate (Q̇) - ±0.2 
Effectiveness(𝜖) - ±0.01 
 
Using the uncertainty values for the thermocouples and pressure transducers given in 
table 5, the relative uncertainty in the rate of heat transfer, Q̇, and the effectiveness, 
𝜖, is calculated to be ±0.6 W for Q̇= 58.5 W and ±0.01 for 𝜖= 0.04 respectively.   
 
 
 
23 
 
Chapter 4 
RESULTS AND DISCUSSION 
4.1 Experimental Data 
This section presents the experimental data recorded and discussion on the observations 
made on the results. Data for each test were recorded once a steady state was reached, 
which was considered when the temperature variations were found within a range of ± 
0.2°C. Between each test, the flow was stopped to change the hot water temperature. At 
the desired temperature the pumps were turned on again and data were collected once the 
steady-state was reached. Figure 17 shows the temperature recordings for test 3. It can be 
seen that the hot water temperatures were steady throughout, but the cold water flow rate 
achieved a steady-state approximately after 10 minutes.  
 
Figure 17: Temperature plot for test 3 
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Table 6: Average temperature and pressure drop data 
Test 
V̇h 
(LPM) 
V̇c 
(LPM) 
Thi 
(°C) 
Tho 
(°C) 
Tci 
(°C) 
Tco 
(°C) 
ΔPh 
(psi) 
ΔPc 
(psi) 
1 1.9 1.2 23.4 22.9 3.9 4.6 0.14 0.13 
2 0.6 0.4 23.4 22.3 7.2 8.8 0.03 0.13 
3 0.6 0.4 23.2 22.5 14.4 15.2 0.09 0.08 
4 4.5 5 46.5 46.1 19.1 19.5 0.87 0.62 
5 2.6 5 40.0 39.6 25.3 25.7 0.26 0.56 
 
Table 6 shows the temperature readings at the inlet and outlet of the hot and cold-water 
sides at different flow rates and the pressure drops for each test run. From these readings, 
we can calculate the hot water and cold-water temperature drops. This data is tabulated in 
table 7. 
Table 7: Temperature difference for hot and cold-water channels 
Test 
ΔTh 
(°C) 
ΔTc 
(°C) 
Thi-Tci 
(°C) 
1 0.5 0.7 19.5 
2 1.1 1.6 16.2 
3 0.7 0.8 8.8 
4 0.4 0.4 27.4 
5 0.4 0.4 14.7 
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From the data mentioned in table 6 and 7, we can now formulate the rate of heat transfer 
for both the hot and cold water. The rate of heat transfer is calculated using equation (2). 
The effectiveness of the heat exchanger is then calculated using equation (8), where Qactual 
is considered to be the average of the heat transfer rates from the hot and cold sides. Table 
8 shows the heat transfer rates and the effectiveness calculated for each test runs. 
Table 8: Heat transfer rates and effectiveness 
Test Q̇hot Q̇cold Qmax Qavg 𝜖 
1 66.3 58.5 1630 62.4 0.04 
2 46.02 44.6 452.2 45.31 0.10 
3 29.3 22.3 245.1 25.8 0.10 
4 125.4 139.3 8589.9 132.35 0.01 
5 90.5 139.3 2678.7 114.9 0.04 
 
It can be seen from table 8 that increasing the temperature difference and reducing the flow 
rates results in an increase in the effectiveness of the heat exchanger. It can be observed 
that decreasing the flow rates from 4.5 and 5 LPM to 0.6 and 0.4 LPM for hot and cold 
water respectively, the effectiveness increases 10 times from 0.01 to 0.1. Considering the 
nature of the heat exchanger (small size and poor thermal conductivity of Nylon), it can be 
said that lower hot water flow rates and higher temperature difference between hot and 
cold water might give better performance results. Higher flow rates make the flow 
turbulent, but in this case, it results in less time for the water to stay in the heat exchanger 
to make any significant heat transfer. Lower flow rates reduce the convective heat transfer 
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coefficient but allow more time for the water inside the heat exchanger [10]. The 
effectiveness of the heat exchanger can be improved by optimizing its design. Reducing 
the wall thickness, increasing the surface area to volume ratio using polymer composites 
instead of pure polymers, varying the flow patterns are some of the key parameters which 
can help in improving the effectiveness of the heat exchanger.          
From table 6 we can see that some of the temperature changes in both the hot and cold 
water are very small. This makes an accurate estimate of the heat transfer rate difficult. 
Also, such readings with very small differences cannot be trusted.  
4.2 Pressure Drop 
One major criterion for analyzing heat exchangers is determining the pressure drop across 
it. Table 6 presents the pressure drop measured during the experiments. In this section, the 
experimental pressure drops are compared to theoretical pressure drops. Table 9 presents 
the Reynolds number (Re) and theoretical friction factor (fth). The predicted (theoretical) 
friction factor for laminar flow (assumed for Re less than 4000), fth is calculated using the 
relation [21]: 
𝑓𝑡ℎ =
64
𝑅𝑒
                                                                   (12) 
and predicted friction factor for turbulent flow (assumed for Re greater than 4000) is 
given by the Colebrook equation [21]: 
1
𝑓𝑡ℎ
0.5 = −2 log (
𝜀
𝑑
3.7
+  
2.51
𝑅𝑒 𝑓0.5
)                                            (13) 
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The experimental friction factor (fexp) calculated in table 9 is compared to the predicted 
friction factor and is calculated from the measured pressure drop using the Darcy-Weisbach 
equation [21]: 
𝑓𝑒𝑥𝑝 =
2 𝛥𝑃 𝐷
𝐿 𝜌 𝑣2
                                                            (14) 
where v is the flow velocity, D the hydraulic diameter measured (equal to channel diameter 
5mm) using and L the effective length of flow. It is assumed that the effective flow length 
is the diagonal of the cube, which is calculated to be equal to 0.139 m. The predicted 
pressure drops are also calculated from the predicted friction factor using equation 14. 
Table 9 compares the theoretical and experimental friction factors and pressure drops. The 
last column shows the theoretical pressure drops, ΔPst, calculated for a shell-and-tube heat 
exchanger of the same size as the gyroid heat exchanger (20 tubes of 5mm inner diameter 
with 1.5mm thickness and 80mm length). 
Table 9: Reynolds number, friction factor and pressure drop 
V̇ (LPM) v (m s-1) Re fth fexp ΔPth 
(psi) 
ΔPexp 
(psi) 
ΔPst 
 
 (psi) 
5 4.25 21149 0.029 0.018 1.05 0.67 0.82 
4.5 3.82 19042 0.030 0.022 0.88 0.64 0.66 
2.6 2.21 10993 0.033 0.031 0.32 0.31 0.22 
1.9 1.62 8048 0.035 0.034 0.18 0.18 0.12 
1.2 1.02 5082 0.039 0.062 0.08 0.13 0.09 
0.6 0.51 2539 0.025 0.13 0.01 0.07 0.01 
0.4 0.34 1694 0.037 0.26 0.01 0.06 0.01 
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 It is observed from the above table 9 that the predicted friction factors and the experimental 
friction factors are very similar. The difference in friction factors might be because of the 
uncertainties in the pressure transducers at lower flow rates. Figure 18 compares the 
predicted and the measured pressure drops which show that the experimental pressure 
drops were very close to the predicted values. The experimental pressure drops, ΔPexp, 
mentioned in table 9 are the measured pressure drops for particular flow rates for either the 
hot or the cold side. The gyroid, being a symmetric structure, should have the same pressure 
drop for both–the hot and cold fluid channels. Figure 19 shows the friction factor 
comparison between the predicted and the measured values.   
 
Figure 18: Pressure drop comparison 
(p
si
) 
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Figure 19: Friction factor comparison 
 
4.3 NTU and overall heat transfer coefficient 
The Number of Transfer Units (NTU) and overall heat transfer coefficient U is calculated 
using the experimental data mentioned in section 4.1 and equations 3, 4 and 7. The values 
for NTU and U are presented in table 10. Figure 20 compares the variation in NTU with 
respect to the flow rate. The NTU values are very low for this heat exchanger, but they 
increase with a decrease in flow rates. Figure 21 shows the NTU-effectiveness comparison 
between the gyroid and the in-line tubes heat exchanger. It can be seen that the gyroid 
would perform slightly better than the in-line tubes heat exchanger. 
Table 10: NTU and overall heat transfer coefficient (U) 
V̇ (LPM) ΔTlm (°C) UAs (W K-1) NTU U (W m-2 K-1) 
Turbulent flow 
30 
 
4.5 27.10 4.63 0.015 57.89 
2.6 14.20 6.37 0.035 79.63 
1.9 18.20 3.64 0.044 45.50 
0.4 14.90 3.09 0.110 38.63 
0.4 8.10 3.62 0.129 45.30 
 
4.4 Performance comparison 
In this section, the performance of the gyroid heat exchanger is compared with the analysis 
done by T. Femmer et al [10]. The heat exchanger in Femmer’s study had a gyroid core of 
50x50x50 mm which is smaller than the gyroid structure in this thesis. Also, the flow rates 
considered for the study in Femmer’s study were very low – 0.001-0.03 LPM. Femmer’s 
study shows that the effectiveness of the heat exchanger decreases with an increase in flow 
rate which can also be noted in this study from the data shown in table 8. In both studies, 
the pressure drop in the heat exchanger decreases with a decrease in flow rates. The 
maximum pressure drop measured in Femmer’s study was 0.001 psi (at 0.03 LPM) and the 
minimum pressure drop measured in this study was 0.03 psi (at 0.6 LPM). In Femmer’s 
study, the heat transfer rate in the heat exchanger increases with an increase in flow rate. 
The average maximum heat transfer rate was calculated as 20 W (at 0.03 LPM). The heat 
transfer rate in this thesis was found to increase with a decrease in flow rates. The average 
minimum heat transfer rate is calculated to be 25 W. 
Comparing the two studies, it can be said that the heat transfer rates and the effectiveness 
of such polymer compact heat exchangers are higher at lower flow rates.          
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Figure 20: NTU variation with the flow rate 
 
Figure 21: NTU-Effectiveness comparison between the gyroid and in-line tubes heat 
exchanger 
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Chapter 5 
CONCLUSION 
Polymer heat exchangers have been around for some time now but are not as widely used 
as their metallic counterparts. The main objective of this thesis was to study polymer heat 
exchangers and how their performance can be improved. Three designs are initially 
studied–straight tube heat exchanger, sinusoidal tubes heat exchanger and the gyroid heat 
exchanger but only the gyroid heat exchanger qualified for further experiments. 
Experimental study was carried out on the gyroid heat exchanger. Steady-state readings for 
temperature and pressure drop were recorded. Results showed that the current design is not 
very effective. The maximum effectiveness achieved was 0.1. The temperature readings 
collected from the experiments might be inaccurate because of various reasons mentioned 
in chapter 5, which might have resulted in inaccurate heat transfer rates. A comparison was 
made between the predicted pressure drop and friction factor values. It was observed that 
for the laminar flow region, the measured pressure drop was higher than the predicted 
pressure drop and for the turbulent region, the measured values were lower than the 
predicted values. Friction factors were also predicted using the Colebrook equation and 
compared with the experimental friction factor calculated using the Darcy-Weisbach 
equation based on the measured pressure drop. It was observed that the measured friction 
factors were very similar to the predicted values. The temperature data collected during 
experiments was used to calculate the NTU and the overall heat transfer coefficient. It was 
observed that the NTU increased with a decrease in flow rate. The maximum overall heat 
transfer coefficient was measured to be equal to 79.6 W m-2 K-1. 
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Chapter 6 
FUTURE SCOPE 
Based on the observations of this study, further research must be done to improve the 
performance of polymer heat exchangers and make them comparatively easy to fabricate 
using additive manufacturing. This chapter discusses some important areas in which further 
works needs to be done.  
6.1 Better materials 
The heat exchangers for this thesis are manufactured using ABS for the straight tube heat 
exchanger and nylon for the gyroid heat exchanger, both of which have very low thermal 
conductivity. From the analytical solutions provided, it is evident that we must look for 
more efficient materials. Materials with better thermal conductivity must be designed. One 
way to do this, as discussed earlier is by using polymer composites. Polymer composites 
can provide up to 10 times better thermal conductivity, which eventually will help improve 
the heat exchanger performance.  
One major issue with using polymers for additive manufacturing is that not all polymers 
have good printability, or the polymers may lose their properties after going through the 
printing process. This brings in the need to investigate new techniques to print these 
polymers or chemically design the polymers in a way that they can be printed easily without 
losing their original material properties.  
6.2 Better 3-d printing techniques  
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The method used for 3-d printing greatly affects the working effectiveness of the final 
product. Fused deposition modelling (FDM) printers have a poor resolution compared to 
the SLA and SLS printers. Poor resolution implies larger layer thickness, which can lead 
to small gaps between layers and increase the porosity of the walls of the heat exchanger, 
causing mixing of fluids during the functioning. This issue can be resolved by using better 
resolution printers.  
Another important factor for additive manufacturing is the processing time. Most printing 
processes are time-consuming, and research can be done into reducing this time. One of 
the important researches going on in this regard is volumetric additive manufacturing. This 
process is said to solve the two main issues of additive manufacturing, slow process and 
geometric constraints like poor surface finish. This method is estimated to print an entire 
3-d figure on the scale of seconds, compared to hours for others [6]. Implementing this 
process into manufacturing heat exchangers might help in reducing the manufacturing time 
and increase production.  
6.3 Unconventional designs 
In this thesis, we have seen the performance of a heat exchanger having a triply periodic 
minimal surface, the gyroid. These unconventional designs have many geometrical aspects 
which can have some effect on the performance of these heat exchangers. The fluid channel 
hydraulic diameter, number of cells, and wall thickness are a few of the parameters which 
can be studied. There are many other triply periodic minimal surfaces which can also be 
studied.   
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